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IntrodiKtioa 

Polymen  with  connoUed  molecular  weights,  desired  end  gyoups 
and  low  p^ydispenities  are  usually  ptepaied  by  living  polymerization. 
Living  polymerization  is  a  chain  growth  process  without  transfer  and 
without  termination.  Additiooally,  the  preparation  of  poiymen  with 
predetermined  molecular  weights  a^  narrow  molecular  weight  distribution 
requites  fast  initiation  and  tut  exchange  betsmen  sites  of  variable  activities 
and  variable  lifetiines  >.  Bimolecular  tetminadon  between  two  mowing 
radicals  catmoi  be  avoided,  at  leut  in  homogenous  radical  polymerization, 
and  therefore  living  radical  polymuization  cannot  be  fully  realized. 
Moreover,  in  most  radical  systems  initiadon  is  slow  and  high  molecular 
weight  polymers  are  formed  at  the  very  beginning  of  the  teacdon,  and 
subsequendy  molecular  wei|htt  decrease  and  ptdydispersides  increase. 
However,  it  is  pouible  to  adjust  condidons  of  radical  polymerizadon  in  a 
way  which  envies  preparation  of  polymers  with  controlled  molecular 
weights  and  reladvely  low  polydispetsides  \  Such  systems  are  not  living 
per  se  because  tetminadon  reacdoos  do  occur  but  have  some  characteristics 
of  living  systems  and  therefore  should  be  called  either  “living’  or 
controlled,  since  they  provide  polymm  with  controlled  molecular  weights 
and  controlled  molecular  weight  distributions. 

There  are  several  approaches  to  the  controlled  radical 
polymerizadon.  Physical  methods  based  on  the  heterogeneous  systems  ^ 
will  not  be  discussed  here.  Homogenous  radical  systems  with  some 
characteristics  of  “living’  systems  such  u  an  increase  of  molecular  weights 
with  conversion,  reladvely  low  polydispmides,  ability  to  form  block 
copolymers  may  be  based  on  the  reversible  deacdvation  of  growing 
radicals.  In  a  lecem  review  these  systems  have  been  divided  into  three 
categories; 

1.  Deacdvadon  of  a  growing  radical  with  a  stable  radical  by  the  reversible 
fotmadon  of  a  donwt  covalent  species,  followed  by  their  homolytic 
cleavage: 


P*  +  R* 


2.  Reversible  deacdvadon  of  a  growing  radical  with  a  "non-radical"  species 
by  the  fotmadon  of  a  dcnmant  persistent  radical: 

p*  +  X  -  {P-X}* 

(2) 

3.  Reversible  degenerative  transfer  based  on  the  thermodynamically 
neunal  exchange  reactions  between  growing  radicals  and  transfer  agents: 


Pn*  +  P,-R 


P,*  +  P„-R 


In  the  first  caiegmy,  various  nitroxyl  radicals,  protected  phenoxyl 
radicals,  dithiocarbamate,  trityl  and  benzhydryl  derivatives  have  been  used 
with  variable  success.  The  second  category  is  generally  based  on  the 
organometallic  compounds  which  form  stabilized  hypercoordinated 
radicals.  The  third  group  requires  very  rapid  and  "clean"  transfer  without 
any  side  reactions. 

The  enhanced  control  of  a  polymerization  process  originates  in: 

-  leduction  of  the  ratio  of  the  rate  of  termination  to  that  of  propagation,  due 
to  low  instantaneous  concentration  of  growing  radicals: 

-  similar  rates  of  initiation  and  propagation  due  to  application  of  the 
initiators  resembling  polymer  end  groups  in  their  dormant  state; 

-  low  proportion  of  chains  marked  by  uncontrolled  termination  and/or 
transfer  due  to  relatively  low  molecular  weights. 

Below  we  will  discuss  some  systems  which  allow  synthesis  of 
controlled  polymers  by  radical  polymerization. 


1.  DMctivalhw  by  Nitroxyl  Radicals 

Various  suble  radicals  react  with  growing  radicaU  according  lo^. 
1.  The  main  advanuge  of  nitroxyl  radicalt  in  comparison  with 
didtiocatbamate.  galvinoxyl,  ventazyl,  benzhydryl  and  trityl  derivatives  is 
that  they  do  not  initiate  polymerization  by  addition  to  double  bonds  and 
they  react  selectively  with  growing  radicals  to  form  reversibly  covalent 
specim  (e.g.  aromatic  tings  are  not  attacked)  *.  Additionally,  reaction  of 
gritwing  iidicala  with  dom»at  species  occun  via  degeiieiative  transfer. 


and  not  via  iiteversible  formation  of  the  head-to-head  linkages  (degtadaiive 

transfer)  as  observed  for  dithiocatbamate  derivatives  3; 


Nitroxyl  radicals  such  u  TEMPO  react  reversibly  with  propagating 
radicals.  The  positioo  of  the  equUibrium  constant  depends  on  the  nanite  ctf 
the  radicsL  ^vent  and  temperature.  There  ate  several  approaches  to 
cootrolled  inioating  syateim.  The  first  one  is  based  on  using  alkoxyamines 
prepared  in  advance.  They  can  be  used  alone  or  together  with  a  small 
amount  of  the  typical  radical  initiators  such  u  peretters  or  azo 
compoundab.  AUroxyaminet  can  be  also  prepared  in  situ  by  adding  a 
radical  initiaan-  in  concentrations  comparable  u>  the  nitroxyl  raiticals  2.  The 
optimal  amount  of  the  radical  initiator  depends  on  the  efficiency  of  the 
initiation  and  ideally  the  oonceanation  of  the  radicals  generated  rom  the 
initiator  should  be  slightly  higher  than  concentration  of  the  scavenger. 
Alkoxyamines  can  be  also  formed  without  initiator,  for  example  during 
thermal  polymerizaiioa  of  styrene  f 

After  the  initial  non-stationary  period,  a  typical  alkene 
polymerization  in  the  presence  of  alkoxyamines  pnxxeds  according  to  the 
fim  order  kinetics  with  the  monotonous  inciease  of  molecular  weights  with 
conversioo.  Pplyditpenities  and  the  connibution  of  the  non-stationary 
period  depeod  on  ternperainiie,  particular  initiating  system  and  the  naniie  of 
monomers  (electron-donating  or  electron-accepting),  as  shown  in  Figures  I 
and  2. 


Fig.  I  Time*convenion  plots  in  radical  bulk  polymerization  of  styrene,  methyl 
methacrylate  (MMA),  methyl  aCTylue  (MA).  and  vinyl  acetate  (VAc)  initiated  by 
AfBN(0.03MyrEMPO(0.03M). 

Polymerization  tales  in  systems  involving  polar  monomers  (methyl 
methacrylate,  methyl  acrylate,  vinyl  acetate)  are  higher  than  in  systems 
based  on  non-poiar  monomers  (siyiene).  at  comparable  temperatures.  The 
polymerization  rales  depend  on  die  position  of  equilibnim  (^.  I)  and  also 
on  the  amount  of  radicals  formed  from  the  initiator  which  is  related  to  the 
efficiency  of  initiation. 


Results  and  Discussion 


Fif.  2  Ma-coavenioa  itepwiilaica  in  nUat  boBc  polyneriiaiioa  of  ityicne,  mcihyl 
meifcaciyliie  (MMA).  methyl  eciylMe  (MA),  mid  nayl  eeeuie  (VAc)  initialed  by 
AlBNCO^MyreMPCXOXnM). 

MolecuUr  weighu  aie  initUUy  higher  than  piedicted  from  the 
number  of  scavenger  molecules.  This  indicates  incomplete  trapping  of 
radicals  and  slow  exchange  leactioas.  By  contrast,  at  higher  temperature 
(styrene.  120°C),  ideal  behaviour  is  observed.  Polydispersities.  Mw/Mn, 
are  higher  than  2.  This  broadening  of  molecular  weight  distributions  might 
be  atiibuned  to  the  slow  homolytic  cleavage  of  the  alkoxyamine-cap^ 
dormant  chains,  and  to  the  slow  bimolecular  degenerative  transfer  reactions 
involving  dormant  chains  and  growing  propagating  macroradicals.  At 
higher  temperatures  (styrene,  i20<’C),  polydispersities  are  much  lower 
(Mw/Mn  <  1.3),  indicating  sufficiently  high  exchange  rates. 

2.  Polyincriiatioii  in  (be  Presence  of  Orgsuiomctallic  Compounds 

Some  organometallic  compounds  react  reversibly  with  alkyl 
radicals  according  to  eq.  Z  This  leveisibility  can  be  successfully  emplo]^ 
for  the  controlled  radical  polyinerizatioo.  There  are  two  potential  side 
reactions  which  limit  use  of  the  organometallic  species.  The  first  one  is  P- 
hydrogen  abstraction  from  the  growing  radical  and  formation  of  metal 
hydrides  (eq.  6): 

R-CHrCHrMtUg - ►  R-CHaCH,  ♦  Llg.Mt-H 


MlsCo,Rh 


(6) 


Depending  on  the  reactivity  of  metal  hydrides,  this  reaction  can  be 
considered  either  as  transfer  or  termination.  Chganocobalt  derivatives  are 
commercially  used  as  very  efficient  transfer  agents  in  polymerization  of 
methyl  methacrylate  Apparently,  they  are  much  less  efficient  in 
polymerizadoo  of  monosubstituted  alkenes  such  as  styrene  and  acrylates 
since  nsonomer  contribution  on  transfer  is  much  smaller  and  polymen  with 
enhanced  degree  of  control  can  be  obtained. 

Another  side  reaction  in  these  systems  could  be  an  elecaon  transfer 
or  heterolydc  cleavage  of  the  metal'Carbon  linkage,  in  that  case,  metal  can 
be  oxidiz^  and  anionic  growing  species  can  be  formed.  This  reaction  is 
especially  facile  for  inonomen  with  electron  withdrawing  substituents,  e.g. 
(meth)acTyUtes  (eq.7): 

tjH, 

—  P.-CKrC-  *  Mt**' 


CHt 

P,.CHrCAII** 

CmO 

I 

OCH, 


c*o 

1 

OCH, 


(7) 


These  side  reactions  can  be,  however,  suppressed.  The  affinity  of  a 
metal  to  hydrogen  abstraction,  and/or  its  ability  to  lose  electrons  depend  on 
the  nature  of  meuls,  their  oxidation  stales  and  nature  of  ligands.  High 
oxidation  state,  ligands  protecting  from  the  abstraction  of  the  P-H  atoms 
and  controlling  the  position  of  the  oxidation-reduction  equilibrium  are 
desired  for  controlled  radical  polymerization. 


We  have  previously  described  controlled  polymerization  of  vinyl 
acetate  in  the  presence  ol  trialkylaluminum  complexed  by  bipyridyl  and 
activated  by  stable  radicals  such  as  TEMPO*  1.  This  system  allows 
preparation  of  block  copolymen*^  but  is  very  sensidve  to  moisture  and 
oxygen,  in  search  for  less  sensitive  systems  we  investigated  various 
chromium,  rhodium,  zirconium  and  cerium  derivatives.  Nature  and 
conceniradon  of  the  organometallic  compound,  ligands  and  the  radical 
source  influence  polymerization  rates  by  affecting  equilibria  between 
dormant  and  aedve  s^ies  as  well  as  the  reladve  rates  of  inidadon  and 
propagadon  and  contribution  of  transfer  reactions. 

Some  metallocenes  aedvated  by  diazonium  salts  are  very  efficient 
inidators  for  polymeruadon  of  electron-donating  monomen  (e.g.  acrylic 
monomen),  ^lymerization  of  eleciroo-accepdng  monomen  (e.g.  vinyl 
acetate,  styrene)  is,  however,  poorly  controlld  with  these  initialing 
systems  and  proceeds  better  with  chromium  derivadves  solvated  by 
macrocyclic  ietn(hexa)aza  compounds  *3. 

We  currently  study  various  combinations  of  organometallic 
compounds,  ligands,  and  radical  sources  in  polymerization  of 
(mein)actylailes,  styrene,  vinyl  acetate  and  other  alkenes. 

3.  Other  systems 

Fdimadon  of  the  persitteni  phosphorus-based  radicals  was  already 
described  in  titerature*^.  In  the  case  of  the  low  stability  of  the 
hypercoordinaied  radicals,  the  ligand  exchange  becomes  facile,  therefore 
some  organoaluminum.  organoboron,  and  other  compounds  have  been 
already  successfully  used  u  transfer  agents  in  the  polymerization  of 
styrene,  acrylass  and  vinyl  aceuie*^,  >6 

We  have  also  us^  phosphites  for  this  purpose  and  an  increase  of 
polymerizadob  rates  in  polymetizadon  of  vinyl  acetate  initiated  by  BPO/ 
iris(irifluoroethyl)  photi^ie  (I  to  l.S-S)  was  already  repotted  by  us*3.  In 
addition,  the  phtMphiie  accelerated  the  decomposition  of  BPO,  used  as 
initiator  and  provided  polymers  with  relatively  low  polydispersities  and 
molecular  weights  depending  on  the  concentration  of  the  initiaimg  system. 
However,  it  was  found  that  the  phosphite  was  also  incorporated  into 
polymer  backbone  ("Sft),  via  copolymerization  procen  to  form  ...- 
CH2CHR-P(OR)3-aH2-CHR-...  linkages.  Some  other  elementoorganic 
compounds  are  currently  being  evaluated  in  our  laboratories. 
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